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Abstract 
Ordered structures of rodlike (cylindricaりparticlesin de and rf gas discharge plasmas were investi-
gated. It was shown theoretically and observed experimentally that only two orientations (parallel and per-
pendicular to the external electric field) of cylindrical particles are possible, and that changing of dis-
charge parameters can result in changing of the particle orientation. 
Most of the experimental and theoretical works 
dealing with the investigation of complex (dusty) 
plasmas were performed with spherical particles. 
On the other hand, it is well known that colloidal 
dispersions, which have much in common with 
complex plasmas, show a much broader spectrum 
of possible states in the case of cylindrical or disk 
particles. In colloidal dispersions, liquid phase as 
well as several liquid-crystal and crystal phases 
with different degrees of orientational and posi-
tional ordering can be observed. It is also well 
known that the use of cylindrical probes (in addi-
tion to spherical) considerably broadens the possi-
bilities of low--temperature plasma diagnostics. It 
is therefore obvious that the use of cylindrical par-
ticles can considerably broaden the frontiers of 
complex plasma research. 
In an experiment by Molotkov et al. [l] nylon 
particles of length 300μm and diameters 7.5 and 
15μm, as well as particles of lengths 300 or 600 
μm and diameter 10μm, were introduced into the 
plasma of a dc discharge. The discharge operated 
in neon or neon-hydrogen mixture in the pressure 
range between IO and 250 Pa. The discharge cur-
rent varied from 0.1 to IO mA. In this parameter 
range, standing striations were formed in the dis-
charge, which made the particle levitation possible. 
Particles formed extended structures in the vertical 
direction. In Fig. I a part of a horizontal cross sec-
tion of an ordered structure levitating in a dis-
charge with I: I neon-hydrogen mixture is shown. 
The observed structures formed by microcylinders 
revealed clear ordering. Microcylinders formed a 
horizontal monolayer and were oriented in a cer-
tain direction. One could expect that their orienta-
tion should be determined by the cylindrical sym-
metry of the discharge tube. However, no correla-
tion between the particle orientation and discharge 
tube symmetry was found. Presumably, the prefer-
ential orientation was related to a weak asymmetry 
in the discharge. 
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Fig. 1. Digital image of a part of a horizontal sec-
tion of a structure formed by cylindrical macroparti-
cles of length 300μm and diameter 15μm levitating 
in a striation of a dc discharge in a neon-hydrogen 
mixture at a pressure of 120 Pa and discharge current 
3.8mA. 
Levitation of cylindrical particles was also ob-
served near the sheath edge of a capacitively cou-
pled rf discharge by Annaratone et al [2]. In this 
experiment, cylindrical particles of 300μm m 
length and 7 .5or 15μm in diameter were used, 
and a small fraction of very long particles (up to 
800μmin length and 7.5μmin diameter) was also 
present. A typical picture of a structure formed by 
these particles is shown in Fig. 2. Longer particles 
were oriented horizontally, while shorter particles 
were oriented vertically along the electric field. 
Let us consider levitation of a micro-rod of mass 
m and charge Q suspended in the electric field E of 
the rf discharge sheath. Parameters of the equilib-
rium state of the particle (the vertical coordinate of 
its center of mass h。andthe orientation angle a。
with respect to the vertical axis) can be found from 
minimization of the potential energy of the particle 
U(h;a). We now assume that among the different 
forces that act on the suspended micro-rods the 
electric force is dominant. Interaction between par-
ticles can be ignored in low particle density struc-
tures when the Debye length is shorter than al the 
other distances involved. Assuming for simplicity 
that the particle charge does not depend on h and a, 
the potential energy is determined by the following 
expansion: 
dE(h) 
U(h,a)旬 mgh+ Q¢(h)- cos2 a -
2 
dE(h) 2 DE'(h) 
cos a - (3 cos2 a -1) +… 
2 12 
(1) 
with E < 0 and E'> 0. The magnitudes of the di-
pole and quadrupole moments are d;::: EL3 124A < 
0 and D ;: QL2/6 < 0, respectively [here A = In 
(Lia) with the rod length L and radius a]. Equation 
(1) is obtained in the approximation of a "weakly 
inhomogeneous" field. [化 =IE。 IE~I>> L, where 
E(h) ;: E(h0) + E(h0)(h -h。)] for particles with 
high aspect ratio, Lia >> I. The equilibrium state 
of particles is determined by the absolute minimum 
of the potential energy. The conditions au I ah = O 
(force balance) and au I aa = O (torque balance) 
result in 
mg三QE。+dE; cos'a, (~~+ QE;〕sin2a~O·(2) 
The first equation shows that in addition to the 
gravity and monopole electric forces, the dipole 
force contributes to the balance condition in verti-
cal direction. However, this force does not affect 
the balance noticeably. From the second equation 
it follows that only two equilibrium orientation, 
vertical (a。=0) and horizontal (a。=n/2), are pos-
sible. The condition for the stable angle one can 
get from the second derivative of the potential en-
ergy: 
紐;;aふ~(K -l)cos2a。>0, (3) 
where K is the "orientational parameter", 
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is the absolute value of the dimensionless particle 
potential. This shows that the equilibrium is de-
termined by the competition between the dipole 
and quadrupole terms in Eq. (1). The dipole torque 
turns the rod along the electric field, whereas the 
quadrupole torque tends to make it horizontal. 
Hence, particles levitate horizontally (a。＝冗/2)
when K < l, and vertically固=0) when K > l. It 
follows from the obtained solutions that rotation of 
the rodlike particles in the vertical plane is impos-
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Transition between the vertical and horizontal 
orientations occurs when the ratio (d-lE)/D be-
comes comparable to unity. The effect of plasma 
parameters on the orientation was investigated ex-
perimentally by Annaratone et al [ 4].With a driv-
ing peak-to-peak voltage on the lower electrode 
VPP = 430 V, the 600μm micro-rods injected in an 
rf plasma levitated vertically for pressures below 
60 Pa (Fig. 3a). For pressures below 22 Pa, they 
formed two or even three layers before falling 
down to the electrode at a pressures of about 15 Pa. 
At 60 Pa there is a co-existence of vertical and 
horizontal orientations (Fig. 3 b), and for higher 
pressure the particles are normally horizontal (Fig. 
3c). The observed orientational changes are in 
good agreement with the theoretical model of Ref. 
[3]. 
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Fig. 2. Typical video images of structures formed 
by cylindrical particles levitating near the sheath 
edge of an rf electrode. The discharge operated in 
krypton at a pressure of 52 Pa and discharge power 
of 80 W. Left panel shows a top view, dots core-
spond to verticaly oriented particles; right panel 
represents a side view. 
Fig. 3. Levitation of the nylon particles of length 600μm and diameter 5μm above an rf electrode driven at the 
peak-to-peak voltage VP = 430 V: (a) at a pressure of 32 Pa (de bias= 124 V); (b) at 60 Pa (de bias= 95 V); (e) at 
98 Pa (de bias = 82 V). 
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